The nuclear symmetry energy is a vital ingredient of our understanding of many processes, from heavy-ion collisions to neutron stars. While the total nuclear symmetry energy at nuclear saturation density (ρ0) is relatively well determined, its decomposition into kinetic and potential parts is not. The kinetic symmetry energy, E kin sym (ρ0), equals the difference in the per-nucleon kinetic energy between pure neutron matter (PNM) and symmetric nuclear matter (SNM). This is often calculated in a simple Fermi gas model. However, experiments show that about 20% of nucleons in nuclei belong to high-momentum correlated pairs. Short-range correlations (SRC) due to the tensor force acting predominantly on neutron-proton pairs shift nucleons to high momentum in SNM where there are equal numbers of neutrons and protons, but have almost no effect in PNM. Using experimentally-derived correlated momentum distributions, we present an approximate analytical expression for E kin sym (ρ0) of correlated nucleonic matter. We further constrain our model with data on free neutron/proton ratios measured recently in intermediate energy nucleus-nucleus collisions to obtain E kin sym (ρ0) = −3.8 ± 0.7 MeV. This result agrees qualitatively with microscopic many-body calculations and differs significantly from the 12.5 MeV obtained for a free Fermi gas with no correlation. We also present an approximate analytical expression for the kinetic symmetry energy of correlated nucleonic matter as a function of nuclear density, E kin sym (ρ). The nuclear symmetry energy E sym (ρ), where ρ is the nuclear density, is related to the difference in the energy per nucleon of pure neutron matter (PNM) and symmetric nuclear matter (SNM). It determines many nuclear and astrophysical properties, such as the cooling of proto-neutron stars [1], the mass-radius relations of neutron stars [2] , properties of nuclei involved in r-process nucleosynthesis [3] , and heavy-ion collisions [4-6].
The nuclear symmetry energy is a vital ingredient of our understanding of many processes, from heavy-ion collisions to neutron stars. While the total nuclear symmetry energy at nuclear saturation density (ρ0) is relatively well determined, its decomposition into kinetic and potential parts is not. The kinetic symmetry energy, E kin sym (ρ0), equals the difference in the per-nucleon kinetic energy between pure neutron matter (PNM) and symmetric nuclear matter (SNM). This is often calculated in a simple Fermi gas model. However, experiments show that about 20% of nucleons in nuclei belong to high-momentum correlated pairs. Short-range correlations (SRC) due to the tensor force acting predominantly on neutron-proton pairs shift nucleons to high momentum in SNM where there are equal numbers of neutrons and protons, but have almost no effect in PNM. Using experimentally-derived correlated momentum distributions, we present an approximate analytical expression for E kin sym (ρ0) of correlated nucleonic matter. We further constrain our model with data on free neutron/proton ratios measured recently in intermediate energy nucleus-nucleus collisions to obtain E kin sym (ρ0) = −3.8 ± 0.7 MeV. This result agrees qualitatively with microscopic many-body calculations and differs significantly from the 12.5 MeV obtained for a free Fermi gas with no correlation. We also present an approximate analytical expression for the kinetic symmetry energy of correlated nucleonic matter as a function of nuclear density, E kin sym (ρ). The nuclear symmetry energy E sym (ρ), where ρ is the nuclear density, is related to the difference in the energy per nucleon of pure neutron matter (PNM) and symmetric nuclear matter (SNM). It determines many nuclear and astrophysical properties, such as the cooling of proto-neutron stars [1] , the mass-radius relations of neutron stars [2] , properties of nuclei involved in r-process nucleosynthesis [3] , and heavy-ion collisions [4] [5] [6] .
Significant progress has been made in recent years in constraining E sym (ρ) especially around ρ ≈ ρ 0 , the saturation density, using data from both terrestrial laboratory experiments and astrophysical observations [7] [8] [9] [10] [11] [12] . One recent survey found that the mean values of the symmetry energy at ρ 0 from 28 different model analyses of various data are all consistent with E sym (ρ 0 ) = 31.6 ± 2.66 MeV [13] . However, the decomposition of the symmetry energy into its kinetic and potential parts and its behavior at both sub-saturation (ρ < ρ 0 ) and suprasaturation (ρ > ρ 0 ) densities are still poorly known.
Much effort is being invested in improving our knowledge of E sym (ρ). In particular, several major radioactive beam facilities being built around the world have all listed constraining the symmetry energy as one of their major science drivers, see, e.g., Ref. [14] . Moreover, observations of neutron stars from current missions such as the Chandra X-ray and XMM-Newton observatories, and upcoming missions such as the Neutron star Interior Composition ExploreR (NICER) [15] will provide high precision data to infer more accurately neutron star radii which are very sensitive to the symmetry energy [16] [17] [18] [19] We can improve our knowledge of E sym (ρ) by subdividing it into its potential and kinetic parts,
and probing them separately. The kinetic part can be readily calculated from the nuclear momentum distribution. The potential part is much less well understood, but can be determined by analyzing isovector observables in nuclear structures and reactions. The kinetic part is often approximated in a nonrelativistic free Fermi gas model as the per-nucleon difference between the kinetic energy of pure neutron matter at a density ρ and the kinetic energy of symmetric nuclear matter where the protons and neutrons each have density ρ/2:
where E F (ρ) is the Fermi energy at density ρ. However, short-range correlations (SRC) due to the tensor force acting predominantly between neutronproton pairs significantly increase the average momentum and hence the kinetic energy in SNM but have almost no effect in PNM. They thus reduce significantly the kinetic symmetry energy, possibly even to negative values. This has been shown recently in both phenomenological models [20] and microscopic many-body theories [21] [22] [23] [24] . For a given symmetry energy, E sym (ρ), the SRC induced decrease of E [4-6, 25, 26] .
In this Letter we provide an analytical expression for the kinetic symmetry energy of correlated nucleonic matter based on data at saturation density (ρ 0 ) from inclusive (e, e ) and exclusive (e, e pN ) scattering experiments at the Thomas Jefferson National Accelerator Facility (JLab) [27] [28] [29] [30] [31] . We further constrain our model using transport model analyses of nucleon emission data in intermediate energy heavy-ion collisions at Michigan State University (MSU) [32, 33] .
It has long been known that the tensor force induced SRC leads to a high-momentum tail in the single-nucleon momentum distribution around 300-600 MeV/c [34, 35] . This high-momentum tail scales, i.e., its shape is almost identical for all nuclei from deuteron to infinite nuclear matter, see, e.g. Refs. [36] [37] [38] . The ratio of the momentum distribution in nucleus A to the deuteron for 300 ≤ k ≤ 600 MeV/c, a 2 (A), equals the ratio of the per nucleon inclusive (e, e ) cross sections for nucleus A to the deuteron for Bjorken scaling parameter x B between about 1.5 and 1.9 [27] [28] [29] 39] . Extrapolation of the measured a 2 (A) to infinite SNM using three different techniques [40] [41] [42] , yield an average value of a 2 (∞) = 7 ± 1.
Exclusive two-nucleon knockout experiments [31, [43] [44] [45] show that, for 300 ≤ k ≤ 600 MeV/c, proton knockout is accompanied by a recoil second nucleon and that second nucleon is predominantly a neutron, i.e., that np-SRC pairs dominate over pp pairs by a factor of about 20. For recent reviews, see Refs. [46, 47] . This implies that correlations are about 20 times smaller in PNM than in SNM. Since the integral of the deuteron momentum distribution from 300 to 600 MeV/c is about 4% [48] and a 2 (∞) = 7 ± 1, the probability to find a high-momentum nucleon in SNM is about 25% and in PNM is about 1 − 2%.
It was recently pointed out that the nuclear momentum distribution, n A (k), decreases as 1/k 4 for 300 [49] , where R d = 0.64 ± 0.10 is extracted from the deuteron momentum distribution, and k F is the Fermi momentum [49] . At higher momenta, the momentum distribution n(k) drops much more rapidly.
We therefore model n(k) for SNM with a depleted Fermi gas region and a correlated high-momentum tail:
where
F is the Fermi momentum at ρ 0 and λ ≈ 2.75 ± 0.25 is the highmomentum cutoff obtained from the momentum distribution of the deuteron [49] . A 0 is a constant given by
determined by the normalization
Based on the JLab data [31] , fewer than 2% of neutrons belong to nn-SRC pairs. We thus use the free Fermi gas model for PNM and include the 2% upper limit for correlated neutrons in our estimate of the uncertainty band. In what follows we refer to this as the Correlated Fermi Gas (CFG) model. The per nucleon kinetic energy of nuclei and of symmetric nuclear matter can then be calculated from the momentum distribution using Fig. 1 shows the resulting kinetic energy for finite nuclei, calculated within the CFG model using a 2 (A) = 5 ± 0.3. The CFG kinetic energy is much larger than that of the uncorrelated Fermi Gas. It agrees with the kinetic energies from many-body nuclear calculations for 12 [21] , Fermi-HyperNetted-Chain (FHNC) [22] and the Self-Consistent Greens Function (SCGF) using the CDBonn, N3LO, and AV18 interactions [23, 24] .
Almost all phenomenological and microscopic manybody theories lead to Equations of State (EOS) of asymmetric nucleonic matter that vary quadratically with the isospin-asymmetry δ = (ρ n − ρ p )/(ρ n + ρ p ) according to the so-called empirical parabolic law E(ρ, δ) = E(ρ, δ = 0) + E sym (ρ)δ 2 + O(δ 4 ). The coefficient of the δ 4 term at ρ 0 has been found to be less than 1 MeV [26] . The symmetry energy can thus be calculated equally accurately from either the energy difference between PNM and SNM, i.e., E sym (ρ) = E(ρ, 1) − E(ρ, 0) or the curvature E sym (ρ) = 1 2
at any δ. However, it has never been tested whether the empirical parabolic law is valid separately for the kinetic and potential parts of the EOS. While the free Fermi gas kinetic energy satisfies the parabolic law, models that include SRC not necessarily do so [53] . To be consistent and compare with the free Fermi gas model and microscopic many-body theories, we will define the kinetic symmetry energy of correlated nucleonic matter as E kin sym (ρ) = E kin P N M (ρ) − E kin SN M (ρ). We add a SRC correction term to the Fermi Gas symmetry energy to get the full kinetic symmetry energy:
where the SRC correction term is:
As one expects, the SRC correction increases with both the height (c 0 = C ∞ /k F = R d a 2 (∞)) and width (λ) of the high-momentum tail in SNM. Fig. 2 shows the kinetic symmetry energy E kin sym (ρ 0 ) of correlated nucleonic matter at saturation density as a function of λ in comparison with the predictions of several microscopic models [21] [22] [23] [24] and the free Fermi gas model. The error band of E kin sym (ρ 0 ) combines estimated uncertainties in R d , a 2 (∞) and the amount of SRC in PNM. Within the uncertainty range of the parameter λ = 2.75 ± 0.25 (blue band), E kin sym (ρ 0 ) is found to be around −10 ± 7.5 MeV which is much less than the free Fermi gas result of ≈ +12.5 MeV. The microscopic many-body theories yield results that are significantly smaller than the free Fermi gas prediction but significantly larger than our CFG model. The selfconsistent Green's function (SCGF) calculations of the kinetic energy of symmetric nuclear matter, E kin SN M (ρ 0 ), agree with our CFG calculation (see Fig. S1 in the supplemental material). However, the SCGF symmetry en-
, is significantly larger. This is because while they include about 20% correlations in SNM, they also include approximately 10% correlations in PNM.
The dynamics of heavy-ion collisions around the Fermi energy are sensitive to the density dependence of the nuclear symmetry energy around ρ 0 [25, 26] . The ratio of free neutrons to protons emitted in heavy-ion collisions was found to be the most sensitive and direct observable [4] for probing the symmetry energy. This ratio has been measured recently in 124 Sn+ 124 Sn and 112 Sn+ 112 Sn reactions at E beam /A = 50 and 120 MeV at MSU [33] with much better precision than earlier experiments [32] . The data are given for the double ratio of neutrons to protons in 124 Sn+ 124 Sn to 112 Sn+ 112 Sn reactions to reduce systematic errors associated with neutron detection.
We performed an IBUU transport model [26] analysis of this double ratio by introducing two parameters, η and γ, in modeling the potential symmetry energy
Without considering the momentum dependence of nuclear potentials, the corresponding symmetry potential is then
The 2δ term dominates. The ± sign is due to the fact that neutrons and protons feel repulsive and attractive symmetry potentials respectively. We varied η and γ on a large 2D fine lattice to minimize the χ 2 between the model calculations and the MSU data at both beam energies. We then performed a covariance analysis to find the uncertainties of η and γ corresponding to a ±1σ error band using the method reviewed recently in Refs. [54, 55] . We used an impact parameter of 3 fm, consistent with that estimated for the data [56] . Free nucleons are identified as those with local densities less than ρ 0 /8 at the time of their final freeze-out from the reaction. Calculations using a phase-space coalescence model lead to similar results within the error band [57] . ) it is instructive to also examine the single neutron/proton ratio in each reaction. The lower panel of Fig. 3 shows that the reduced kinetic symmetry energy at ρ = ρ 0 increases the potential symmetry energy which leads to an enhanced neutron to proton ratio for both reactions because of the stronger repulsive (attractive) symmetry potential for neutrons (protons). The effect is more pronounced for more energetic nucleons as they are the ones mostly from the participant region in the earlier stage of the reaction where the nucleon density is higher.
Measurements at E beam /A = 120 MeV are even better described by the calculation [57] but have reduced sensitivity to the symmetry energy. The reduced sensitivity to the symmetry energy at higher beam energies is due to the increased effects of nucleon-nucleon collisions over the mean-field in the reaction dynamics and the decreased ratio of isovector/isoscalar potential at higher densities [26] .
The value of E kin sym (ρ 0 ) determined from the neutron to proton ratios in Sn+Sn collisions is consistent with that calculated using our CFG model (see Fig. 2 ). By combining the Sn+Sn collision value of E kin sym (ρ 0 ) = −3.8 ± 0.7 MeV with the electron scattering data, we can further restrict the height and width parameters of the CFG model to λ = 2.62 ± 0.12 and c 0 = 3.9 ± 0.4 (see Fig. S2 in the supplemental material). Using Eq. 7 we can also predict the density dependence of the kinetic symmetry energy. For 0.5 ≤ ρ/ρ 0 ≤ 3, E kin sym (ρ) in the CFG model has the same slope as the free Fermi gas model but with significantly reduced value.
To summarize, while the electron scattering and nucleus-nucleus collision experiments probe directly the kinetic and potential symmetry energies respectively, they are interconnected. Synthesizing complementary information from these experiments we provided an analytical expression for a negative kinetic symmetry energy of correlated nucleonic matter at ρ = ρ 0 in contrast to the free Fermi gas model prediction widely used in nuclear physics and astrophysics over the last several decades.
We would like to thank F.J. The per-nucleon kinetic energy for symmetric nuclear matter calculated using the Correlated Fermi Gas (CFG) model (red band). The calculated kinetic energy is shown as a function of λ, the high-momentum tail cutoff parameter. The blue band shows the constraints on λ from the deuteron momentum distribution. The red band reflects the model uncertainties. Also shown are the results from the uncorrelated Fermi Gas model (dashed purple line), the Brueckner-Hartree-Fock (BHF) model using the AV-18 interaction [21] , and the Self-Consistent Greens Function (SCGF) approach using the CDBonn, N3LO, AV18 and Nij1 interactions [23, 24] .
FIG. S2:
The constraints on the width (λ) and strength (c0) parameters of the Correlated Fermi Gas (CFG) model from electron scattering (blue box) and Sn-Sn collisions as described in the text (red band).
